Abstract Cocaine abuse in HIV patients accelerates the progression and severity of neuropathology, motor impairment and cognitive dysfunction compared to non-drug using HIV patients. Cocaine and HIV interact with the dopamine transporter (DAT); however, the effect of their interaction on DAT binding remains understudied. The present study compared the dose-response functions for intravenous selfadministration of cocaine and heroin between male HIV-1 transgenic (HIV-1 Tg) and Fischer 344 rats. The cocaine and heroin dose-response functions exhibit an inverted U-shape for both HIV-1 Tg and F344 rats. For cocaine, the number of infusions for each dose on the ascending limb was greater for HIV-1 Tg versus F344 rats. No significant changes in the heroin dose-response function were observed in HIV-1 Tg animals. Following the conclusion of self-administration experiments, DAT binding was assessed in striatal membranes. Saturation binding of the cocaine analog [
Introduction
Abuse of drugs such as cocaine and heroin is more common in HIV-infected individuals than the general population and is a major contributing factor for poor outcomes for HIV and substance abuse treatment (Cook et al. 2008) . Epidemiological studies on drug abusers with AIDS link cocaine abuse, more than other drugs, to increased incidence of HIV seroprevalence and progression to AIDS (Anthony et al. 1991; Baldwin et al. 1998; Chaisson et al. 1989; Doherty et al. 2000) . Cocaine abuse increases the incidence and severity of HIV neuropathology and associated cognitive deficits by enhancing viral replication (Burdo et al. 2006; Dhillon et al. 2007a; Ferris et al. 2008; Nath et al. 2002) . Furthermore, cocaine abuse is a known risk factor for susceptibility to and progression of neurocognitive decline in HIV patients (Buch et al. 2011; Fiala et al. 1998; Larrat and Zierler 1993; Norman et al. 2009; Webber et al. 1999) . HIV patients with cocaine dependence show greater neurocognitive impairment than their non-dependent HIV counterparts (Meade et al. 2011 ). Such cognitive impairments likely undermine the abuser's ability to abstain from subsequent drug intake and may serve as a biological impediment to treatment, as well as hinder treatment adherence and increase mortality in HIV cocaine abusers.
A substantial literature exists on the role of dopamine in cocaine abuse and similarly on the role of dopamine in HIV-1 neuropathology and HIV associated neurocognitive disorders (HAND). The dopamine transporter (DAT), the primary mechanism for regulating dopaminergic tone in the synapse, is directly affected by cocaine and HIV-1 infection. The reinforcing and behavioral effects of cocaine are associated with the drug's affinity for binding directly to the DAT. Chronic cocaine administration alters dopamine release and DAT uptake dynamics, dopamine receptor function and related intracellular signaling. The HIV viral proteins Tat and gp120 interact directly and indirectly, respectively, with DAT (Midde et al. 2013 ) to decrease DAT surface expression (Midde et al. 2012 ) and correspondingly decrease uptake rate and function (Aksenova et al. 2006; Ferris et al. 2009; Gaskill et al. 2009; Hu et al. 2009; Wallace et al. 2006; Zhu et al. 2009 ). Because DAT expression and function are reduced by these HIV viral proteins, cocaine administration enhances HIV-induced neuropathology by further elevating synaptic dopamine concentrations via DAT inhibition. This in turn exacerbates viral replication and Tat release, leading to compromised dopamine neuronal function and the manifestation of HAND (Burdo et al. 2006; Davies et al. 1997; Dhillon et al. 2007b; Ellis et al. 2003; Ferris et al. 2008; Nath et al. 2002; Roth et al. 2002; Shapshak et al. 1996) .
Previous in vitro and in vivo studies have provided critical information of the mechanisms by which cocaine exacerbates the effects of HIV proteins on dopamine signaling (Bennett et al. 1995; Ferris et al. 2008; Nath et al. 2002; Zauli et al. 2000) . Given the prevalence and severity of HIV-associated neuropathologies and neurocognitive disorders in drugabusing HIV patients, there is a critical need to utilize models that recapitulate compulsive drug intake to more fully comprehend the impact of cocaine/HIV interactions in the brain. Intravenous self-administration, an experimental method in which an animal subject presses a lever to receive an infusion of a drug, has a high degree of face validity and is widely accepted as the most appropriate model of human compulsive drug intake (Lynch and Hemby 2011; Vanderschuren and Ahmed 2013) . In addition, several studies have demonstrated significant differences in neurochemical and neurobiological responses to drugs of abuse depending on whether the drug is self-administered by the subject or administered by the experimenter in a non-contingent manner (Hemby et al. 1997a; Hemby et al. 1995; LaLumiere and Kalivas 2008; Miguens et al. 2008; Wydra et al. 2013) . Therefore, intravenous selfadministration is highly relevant, replicable and applicable for studying the neurobiological consequences of HIV/cocaine interactions.
The current study was undertaken to examine the effects of HIV-1 infection on DAT binding in the striatum, a subcortical area of the forebrain that coordinates motivation and movement, with and without intravenous cocaine or heroin self-administration. Comparisons were made between the HIV-1 transgenic rat (HIV-1 Tg) and Fischer 344 rat strains. The HIV transgenic rat is a model of persistent systemic HIV-1 infection and recapitulates several of the key features of human AIDS, including HIV-associated neurological abnormalities (Basselin et al. 2011; Kass et al. 2010; Reid et al. 2001) . Fischer 344 rats were selected as comparators because the HIV-1 Tg line was developed from an F344/NHsd stock, the Fischer 344 inbred strain. HIV-1 Tg and F344 rats were trained to self-administer cocaine or heroin intravenously. Given the different relative dopaminergic influence between cocaine and heroin, comparisons were made between these two drugs to assess the influence of HIV on dopamine-related behaviors. Cocaine and heroin dose-response curves were generated and compared between the strains. Since the reinforcing properties of cocaine are primarily mediated by inhibition of uptake through DAT, we examined whether changes in cocaine selfadministration could be correlated with changes in DAT radioligand binding in striatal membranes using the cocaine analog [
125 I] 3β-(4-iodophenyl)tropan-2β-carboxylic acid methyl ester ([ 125 
I]RTI-55).

Methods
Subjects
Male HIV-1 Tg (100-130 days; Harlan Laboratories, Frederick, MD) and male Fischer 344 rats (100-130 days; Charles River, Wilmington, MA) were housed in a temperature-controlled vivarium on a 12-h reversed light/ dark cycle (lights on at 6:00 PM). Rats were group-housed two per cage before surgery and housed individually after catheterization. Water was available ad libitum while food access was restricted to maintain consistent body weight during the experiment. Experimental sessions were conducted during the dark phase of the light/dark cycle. All procedures were performed in accordance with the National Institutes of (Davies et al. 1994 ).
Surgery
Animals were pretreated with administered atropine nitrate (10 mg/kg; i.p.) and anesthesia was induced by pentobarbital (40 mg/kg; i.p.). Under anesthesia, rats were implanted with chronic indwelling venous catheters as described previously (Hemby et al. 1999; Hemby et al. 1997a; Hemby et al. 1995; Hemby et al. 1996) . Briefly, catheters were inserted into the right jugular vein and anchored to muscle near the point of entry into the vein. The distal end of the catheter was guided subcutaneously to exit above the scapulae through a Teflon shoulder harness. The harness provided a point of attachment for a spring leash connected to a single-channel swivel at the opposing end. The catheter was threaded through the leash for attachment to the swivel. The fixed end of the swivel was connected to a syringe (for saline and drug delivery) by polyethylene tubing. Infusions of sodium thiopental (150 μl; 15 mg/kg; i.v.) were manually administered as needed to assess catheter patency. Rats were administered penicillin G procaine (75,000 units in 0.25 ml, i.m.) at the termination of catheter implantation. Health of the rats was monitored daily by the experimenters and weekly by institutional veterinarians according to the guidelines issued by the Wake Forest University Animal Care and Use Committee and the National Institute of Health.
Self-Administration
Self-administration chambers have been described previously (Pattison et al. 2012; Pattison et al. 2014) . Rats from each strain were assigned randomly into groups to self-administer cocaine or heroin. Responding was engendered under a FR 1: time-out (TO) 20-s schedule of three 1-h components (Hemby et al. 1999; Hemby et al. 1996) . The ratio was increased to FR2. Before each component, a 10-min blackout was followed by a priming infusion of the dose to be administered in the succeeding component. After an additional 10-min blackout period, the levers were extended and the cue lights above the levers were illuminated. Upon completion of the response requirement, a drug infusion was delivered, the lever was retracted, the lever lights extinguished, a tone was generated, and the house light illuminated.
Once responding stabilized (less than 20 % variation between the three 1-h components), dose-response functions were generated for all subjects. The following doses were used: 5. 2, 10.4, 20.8, 41.6, 83.3, 166 .5 and 333 μg/infusion for cocaine; 0.28, 0.56, 1.12, 2.25, 4.5, 9.0, and 18 μg/ infusion for heroin. Sessions were comprised of three one hr components with one dose available per component. The three doses available during a session constitute a dose-set. Table 1 shows the dose-sets for cocaine and heroin with the corresponding volume and rate of infusion for each dose within the dose-set. The order in which the dose-sets were presented was randomly determined for each subject. Furthermore, the order of dose presentation for each dose-set was randomized across sessions (Fig. 1 ). Doses were varied by changing the time of operation of the infusion pump, hence the volume of drug delivered from the syringe. Note that the volume of infusion is proportional to the rate of infusion (100 μl:2.8; 200 μl:5.6; 400 μl:11.2 s). Body weights varied between 260 and 285 and there was no significant difference in weight between the rat strains during the time of self-administration. Eighteen hours following the last self-administration session rats were sacrificed and each brain was removed from the skull and immediately immersed in isopentane (200-ml beaker packed in dry ice). Brains were then stored at −80°C.
DAT Radioligand Binding in Membranes
The temperature of the brains was increased to −20°C and each striatum was dissected under a 10X microscope. A scalpel blade and forceps were used to remove the olfactory tubercles and the cerebellum. The striatum was dissected according the following anatomical boundaries: rostral/caudal: genu of corpus callosum to joining of anterior commissure at midline; dorsal and lateral: genu of the corpus callosum and adjacent external capsule; medial: lateral ventricle and septum; ventral: piriform cortex and ventral pallidum. Striatal tissue was thawed on ice and homogenized in 10 ml cold assay buffer (10 mM sodium phosphate buffer, pH 7.4, with 0.32 M sucrose). Membranes were prepared by high-speed centrifugation (10 min at 48,000×g) and re-suspended in 50 ml buffer at 4°C. Protein concentrations were determined Table 1 Dose-sets for cocaine and heroin self-administration sessions. Each dose-set consisted of three doses, with each dose available for a hour component of the self-administration session. The order in which the dose-sets were presented was randomized for each subject. The order of dose presentation for each dose-set was randomized across sessions Dose sets for cocaine (Boja et al. 1991) . Each striatal membrane sample was assayed in triplicate (2 ml of assay buffer at 4°C), incubated at 25°C for 50 min and reactions were terminated by rapid filtration with 3×5 ml of 50 mM Tris-HCl buffer (4°C, pH 7.4), through Whatman GF/B glass fiber filters pre-soaked in Tris buffer containing 0.1 % bovine serum albumin. Nonspecific binding was determined using 1 μM WF-23 (Davies et al. 1994 ).
Radioactivity was determined by liquid scintillation spectrometry in filters eluted for 8 h in 5 ml of Ecolite scintillation fluid. Binding curves were fit to two-site models by iterative nonlinear curve fitting, where the contribution of the high-affinity B max values has been subtracted from those of low-affinity sites.
Data Analysis
Comparison of the number of days to stable selfadministration between the strains for both cocaine and heroin was conducted using a two-way ANOVA with Strain and Drug as the main factors. Comparison of the number of days to stable self-administration of cocaine and heroin within each strain was conducted using a one way ANOVA with Drug as the main factor. The number of infusions between the groups was analyzed using a two-way ANOVA with Strain and Dose Fig. 1 Schematic of experimental design. Example of dose-set and dose presentation. After catheter implantation and recovery, rats within each strain were randomly assigned to selfadminister either cocaine or heroin. Following acquisition, the sequence of dose-set presentation was randomly determined. Within each dose-set, the order of dose presentation was randomized across sessions as the main factors. Bonferroni test was used for post hoc analysis (P<0.05). Total [ 125 I]RTI-55 binding was compared using a two way ANOVA with Group and Strain as the main effect. For post hoc analysis, Bonferroni test was used (P<0.05). Saturation binding data were analyzed using JMP Stats software for nonlinear regression curve fitting to determine the K d and B max from data fit to one-and two-site binding hyperbolae. In all cases, the fits to two-site models were significantly better than analyses fit to one-site models (P<0.05). Comparison of strain differences in drug naïve rats was conducted using t-test. For each strain, the effects of drug self-administration on each [ 125 I]RTI-55 binding parameter was analyzed using a one way ANOVA with Group as the main effect. Bonferroni test for selected group comparisons was used as the post hoc analysis (P<0.05).
Results
Self-Administration
HIV-1 Tg and F344 rats acquired intravenous selfadministration of cocaine and heroin. For F344 rats, responding was engendered using 166.6 mg/infusion of cocaine or 9.0 mg of heroin. In contrast, these doses were not effective for engendering responding in HIV-1 Tg rats so the doses were decreased to 83.25 mg/infusion for cocaine and 4.5 mg/infusion for heroin. While there was a significant difference in the amount of time to reach stable selfadministration between the strains [F(1,21) = 29.288, P<0.001], the strain x drug interaction was not statistically significant [F(1,21)=1.394, P=0.253]. Interestingly, there was no significant difference between cocaine and heroin in the number of days to stable self-administration for HIV-1 Tg rats [F(1,9)=2.939, P=0.125]. Similarly, there was no significant difference in the number of days to stable selfadministration for F344 rats [F(1,11)=0.0108, P=0.919]. These results suggest that while there is a preferential influence of HIV-1 on the acquisition of drug self-administration, the effect is not specific to cocaine or heroin.
Following stable self-administration under an FR2 schedule of reinforcement, dose-response curves were generated as described in the Methods. Cocaine and heroin selfadministration are characterized by inverted U-shape doseresponse curves in both Fischer 344 and HIV-1 Tg rats (Fig. 2) . There was no significant difference in the maximal number of infusions obtained with cocaine selfadministration; however, the cocaine dose that maintained the maximal number of infusions was significantly different (41.6 and 20.8 μg/inf for F344 and HIV-1 Tg rats, respectively). The ascending limb of the dose-response curve was significantly different between the strains [F(3,32)=15.83, P= 0.003]; specifically, the ascending limb was shifted leftward in HIV-1 Tg rats with more infusions/dose. Post hoc analysis revealed the 10.4 and 20.8 μg/inf doses significantly increased the number of infusions delivered in HIV-1 Tg versus F344 rats (P<0.05). There was a significant difference between the two strains for the descending limb as well [F(3,32) =0.0003], with post hoc analysis indicating a significant reduction in the number of infusions for 41.6 μg/inf for HIV-1 Tg compared to F344 rats.
For heroin self-administration, there was a trend towards a significant difference in the maximal number of infusions obtained between F344 and HIV-1 Tg rats (P = 0.054). Furthermore, the doses that maintained the maximal number of infusions for heroin self-administration were 1.12 and 2.25 μg/inf for HIV-1 Tg and F344 rats, respectively (Fig. 2) There was no significant difference in total drug intake between HIV-1 Tg and Fischer 344 subjects for either cocaine or heroin.
In order to determine if the rate (or volume) of infusion affected drug intake, we compared the number of infusions obtained for a dose at each rate/volume 2.8 s/100 μl, 5.6 s/ 200 and 11.2 s/400 μl) in which they were delivered (see Table 1 ), using t-test or one-way ANOVA, as appropriate. Analysis revealed no statistically significant effect of rate/volume on the number of infusions obtained for 10. 4, 20.8, 41.6, 83.3 or 166 .6 μg/infusion of cocaine in either the Fischer F344 or HIV-1 Tg rats (P>0.05). Similarly, we found no statistically significant effect of rate/volume on the number of infusions obtained for 0.56, 1.12, 2.25, 4.5 or 9.0 μg/infusion of heroin in either the Fischer F344 or HIV-1 Tg rats (P>0.05).
DAT Binding
There was no statistically significant difference in total lifetime intake of cocaine (t=1.055, df=11, P=0.388) or heroin (t=0.713, df=11, P=0.491) between the strains. To compare the effects of cocaine and heroin self-administration behavior between HIV-1 Tg and F344 rats on dopamine uptake sites in striatum, preliminary radioligand binding to DAT was performed in striatal membranes from Fischer 344 and HIV-1 Tg rats using a single concentration of the cocaine analog radioligand [ 125 I]RTI-55 (Fig. 3) . Fluoxetine was added to the assays to selectively block any contribution from serotonin transporter reuptake sites. Comparison of drug-naïve F344 and HIV-1 Tg rats revealed a significant difference in [ 125 I]RTI-55 binding (t =7.918, df=12, P < 0.0001), with striatal membranes from HIV-1 Tg displaying over two-fold higher binding compared to membranes from F344 rats. In HIV-1 Tg rats, drug self-administration significantly altered To distinguish whether these changes in radioligand binding were caused by changes in the number of transporters (B max ) or in the affinity (K d ) of the transporter for [ 125 I]RTI-55, detailed saturation binding isotherms in striatal membranes were performed. It has been well established that cocaine analogs display biphasic binding to DAT, with binding to both high-and low-affinity sites (Madras et al. 1989a; Madras et al. 1989b; Pattison et al. 2014; Staley et al. 1994a; Staley et al. 1994b ). In the present study, this phenomenon was observed in striatal membranes from both F344 and HIV-1 Tg rats (Fig. 4) . Statistical analyses of iterative nonlinear fits of binding data revealed significantly better fits to two-site compared to one-site models (P<0.05). The difference between high-and low-affinity binding for [ , in triplicate. Binding data were analyzed using a nonlinear curve fit and a two-site-specific binding model. Each point represents mean values from binding data pooled from individual binding data, N=6-8 rats per group. Lines are best fits of high-and low-affinity binding sites predicted from two-site models. For the sake of clarity, data from drug selfadministration in F344 are not shown, since those results are essentially identical to those in drug-naive F344 rats. B/F Bound/Free ligand affinity DAT binding site were significantly decreased in HIV-1 Tg rats versus F344 rats (K d2 , t=2.28, df=11, P=0.043), indicating a significant increase in DAT affinity for this cocaine analog at the low-affinity binding sites; however, there was no difference in the abundance of low-affinity DAT sites (B max2 , t=1.62, df=12, P=0.132) ( Table 2) .
For HIV-1 Tg rats, both K d and B max for the low-affinity binding site were altered following drug self-administration [K d2 : F(2,15) = 4.03, P = 0.044; B max2 : F(2,14) = 6.957, P < 0.01]. Post hoc analysis revealed cocaine selfadministration in HIV-1 Tg rats significantly increased K d2 (decreased affinity) and B max2 values compared to drugnaive controls (P<0.05; (Table 2 ).
Discussion
Given the high incidence and prevalence of drug abuse in HIV seropositive individuals and the consequential increased severity and accelerated progression of HIV-related neuropathology and neurocognitive decline, there is a critical need to utilize animal models that recapitulate critical aspects of HIV infection and compulsive drug intake in humans. The present study is the first published report assessing the effects of HIV-1 on the intravenous self-administration of cocaine and heroin in a rodent model and the first to determine the effect of HIV-1, cocaine and heroin self-administration, and the combination of HIV-1 and these drugs of abuse on DAT binding parameters. Specifically, we found that: 1) HIV increased striatal DAT binding via increased affinity at the low-affinity DAT site (K d2 ), 2) HIV-1 Tg rats exhibit an increased sensitivity to the reinforcing effects of cocaine as evidenced by a leftward shift in the cocaine selfadministration dose-response curve, and 3) chronic cocaine, but not heroin, self-administration decreased affinity and increased the abundance of the low-affinity DAT site in HIV-1 Tg rats. These novel findings expand the current knowledge in the field by demonstrating the impact of the synergistic relationship between HIV and drug abuse on biochemical and behavioral measures.
In order to determine the impact of HIV-1 on DAT binding parameters, binding of the cocaine analog [ ]RTI-55 binding was significantly greater in drug-naïve HIV-1 Tg versus drug-naïve F344 rats. These results are parsimonious with a previous study demonstrating elevated DAT mRNA and DAT immunostaining in the striatum of individuals with HIV encephalitis (HIVE) from the autopsy cohort of the National NeuroAIDS Tissue Consortium (Gelman et al. 2006) . As changes in binding may be attributable to changes in abundance or affinity, saturation binding analyses were conducted and revealed the presence of high-and low-affinity binding sites in agreement with human (Staley et al. 1994a; Staley et al. 1994b ), nonhuman primate (Madras et al. 1989a; Madras et al. 1989b ) and rat (Pattison et al. 2014 ) striatal tissue, with low-affinity binding comprising 79.8 +/−3.7 % of the sites in F344 rats and 67.7 +/−4.2 % in HIV-1 Tg rats. While no differences in the abundance of the DAT binding sites were observed between strains, HIV-1 Tg rats exhibited a significant increase in affinity for the cocaine analog RTI-55 at the low-affinity DAT binding sites, compared to Fischer 344 controls. A previous study has shown that PKC-induced phosphorylation of the Ser7 residue modulates the conformational equilibrium of DAT between high-and low-affinity binding states (Moritz et al. 2013) . Whether the increased affinity of the lowaffinity site in HIV-1 Tg rats is conferred by increased phosphorylation of the Ser7 residue or other post-translational modifications remains to be determined. Nonetheless, these results indicate that persistent HIV-1 infection results in significant functional alterations of DAT in the striatum.
Previous studies have demonstrated that the high-affinity binding site exerts a low-capacity dopamine uptake process that maintains extracellular dopamine ([DA] e ) at relatively low concentrations (Graef and Bonisch 1988; Horn 1990 ), whereas the low-affinity site is sodium-independent and contributes to a high-capacity uptake process (Kimelberg 1986; Mireylees et al. 1986; Stamford et al. 1986) . Given that the low-affinity site operates most efficiently at high synaptic dopamine concentrations, increased affinity at the low-affinity DAT site in drug-naïve HIV-1 Tg rats likely reflects a (Ferris et al. 2009 ). These findings support Gelman and colleagues' postulate of striatal hyperdopaminergic tone in patients with HIVE (Gelman et al. 2006 ), but are in apparent contrast to previous results showing decreased striatal DAT in patients diagnosed with HIV associated dementia (HAD) (Wang et al. 2004 ). The apparent discrepancy between results of in vivo neuroimaging and in vitro protein analysis is partly explained by the influence of [DA] e levels on DAT binding (Gatley et al. 1995; Gatley et al. 1997 ). Dopamine competes with ligands for DAT binding sites such that high dopamine levels would decrease binding of the PET ligand leading to the conclusion of reduced DAT binding sites. Therefore, the reduced DAT binding reported may be due in part to elevated [DA] e levels in the striatum of these patients. The in vitro binding procedure used in the present study minimizes the influence of dopamine by removing the neurotransmitter via thorough rinsing of the tissue preparations and by suspending the membrane preparations in excess amounts of buffer. Elevated dopamine levels are involved in the pathogenesis of HIV by enhancing viral replication, which results in the release of inflammatory mediators (e.g. chemokines and TNF-α (Gaskill et al. 2009 ) and HIV proteins (e.g. Tat and gp120) directly and indirectly affecting dopaminergic function (Purohit et al. 2011) . Results of the present study are an important first step towards understanding the impact of HIV-1 infection on dopaminergic synaptic function in the intact brain. A more complete characterization of HIV-induced dysregulation of dopamine signaling in the HIV-1 Tg model requires analysis of dopamine receptor binding and function, as well as the determination of basal [DA] e in the striatum and other terminal projection areas of midbrain dopamine systems. There are several potential biobehavioral implications of HIV-induced differences in DAT uptake binding measures in the striatum. Previous studies in subjects diagnosed with HIV found that decreased striatal DAT binding is correlated with increased cognitive impairment (Wang et al. 2004) , irrespective of cocaine abuse (Chang et al. 2008 ). While we are not aware of any published studies in humans or animal models that have assessed the relationship between HIV-associated changes in DAT binding and the reinforcing effects of cocaine, previous studies have found that injection of the HIV protein Tat into the striatum increases the acute locomotor response to cocaine but attenuates the sensitized response following repeated injections (Ferris et al. 2010; Harrod et al. 2008) . Based on the assumption that the transition from recreational to compulsive drug intake is associated with behavioral sensitization (Kalivas 2004; Kalivas and Volkow 2005; Pierce and Kalivas 1997; Robinson and Berridge 1993) along with the attenuated sensitized response in Tat treated rats, it is reasonable to hypothesize that HIV would reduce the abuse liability of cocaine and heroin. In contrast, we found that cocaine and heroin were self-administered by HIV-1 Tg rats across a range of doses resulting in an inverted BU^shaped dose-response function similar to F344 rats. Interestingly, the ascending limb of the cocaine dose-response curve was shifted to the left for HIV-1 Tg rats, indicative of an increase in the reinforcing effects of cocaine (Howell and Wilcox 2001) . The change in sensitivity reflects a change in affinity of the binding site of the drug, in this case cocaine, at the lowaffinity DAT site (Swift and Lewis 2008) , which we also observed as a significant increase in the value of Kd 2 in HIV-1 Tg animals following cocaine self-administration. In contrast, there was no significant difference in the dose-effect functions for heroin self-administration between HIV-1 Tg and F344 rats. The observed effect of cocaine but not heroin selfadministration in the HIV-1 Tg rats emphasizes the preferential impact of HIV on dopamine-related behaviors. Several lines of evidence indicate that the mesolimbic dopamine system influences the reinforcing effects of cocaine to a greater extent than for heroin. Cocaine, but not heroin, selfadministration is altered by selective destruction of dopamine neurons or terminal regions within this pathway (Pettit et al. 1984; Roberts and Koob 1982; Roberts et al. 1980 ) and peripheral and central administration of dopamine receptor antagonists (Ettenberg et al. 1982; Hemby et al. 1997b; Hemby et al. 1996) . Furthermore, extracellular dopamine concentrations in the nucleus accumbens are increased to a significantly greater extent during cocaine compared to heroin selfadministration (Hemby et al. 1999; Hemby et al. 1997a; Hemby et al. 1995) and cocaine, but not heroin, selfadministration significantly alters striatal DAT binding (Pattison et al. 2014) . Therefore, we surmise that the absence of HIV-related changes in heroin intake are likely due to negligible dopaminergic involvement in the mediation of heroin reward, further emphasizing the preferential influence of HIV on dopamine-related behaviors.
Chronic cocaine self-administration has been shown to increase DAT binding in humans (Little et al. 1998a; Little et al. 1998b; Little et al. 1999) , monkeys (Beveridge et al. 2009; Letchworth et al. 2001 ) and rats (Wilson and Kish 1996; Wilson et al. 1994) , presumably as compensation for chronically elevated levels of [DA] e due to prolonged cocaine exposure. In contrast, the binding potential (B max /K d ), a measure used in PET imaging analyses, for striatal DAT is decreased in HIV-associated dementia patients and is associated with decreased cognitive performance (Wang et al. 2004) . Likewise, Chang and colleagues found decreased striatal DAT binding potential is associated with cognitive impairment in HIV subjects, with a Btrend for further minimal decreases^in DAT binding in HIV patients with cocaine histories following 1 month of abstinence (Chang et al. 2008) . In the present study, DAT binding in HIV-1 Tg rats was compared to drugnaïve controls and showed a trend towards increased DAT binding in F344 rats following cocaine self-administration.
In the HIV-1 Tg rats, the decrease in binding is likely attributable to increased K d (decreased affinity) at the low-affinity DAT binding site. Furthermore, decreased affinity of the lowaffinity DAT binding site in the HIV-1 Tg rats following cocaine self-administration may be due in part to reduced [DA] e following chronic cocaine self-administration. As noted previously, the low-affinity DAT site operates most efficiently at high synaptic dopamine concentrations, such that decreased affinity may reflect a compensatory response to a reduction in cocaine-stimulated dopamine levels. The absence of significant reductions in the number of DAT binding sites, B max , suggests that the number of dopamine terminals was not reduced during the period in which the study was conducted.
Results from our study are in agreement with previous studies showing little or no effect of infusion rate on acquisition or maintenance of self-administration in rats (Crombag et al. 2008; Liu et al. 2005) ; however, others have reported that the rate of drug delivery influences the reinforcing effects of cocaine in rats (Schindler et al. 2011; Schindler et al. 2009; Wakabayashi et al. 2010) . Drawing direct comparisons with the present study is complicated by several factors including the range of infusion rates, doses and/or the duration of selfadministration sessions and history. For example, Wakabayashi et al. 2010 study compared the effects of infusion rate (5, 45 and 90 s) between short access (one hr) and long access (6 h) sessions. While there was no significant effect of infusion rate on cocaine intake during short access sessions, there was a significant effect of infusion rate on number of infusions during long access sessions. Similarly, Schindler and colleagues found a significant difference between short infusion rates (1.7 and 10 s) compared with the longer duration of 100 s (Schindler et al. 2009 ). The present study design does not allow an analysis of the separate contributions of dose, volume or infusion rate on the reinforcing effects of cocaine. Given that volume is directly related to rate of infusion in the present study, we analyzed the effect of changing volume/rate of infusion at several doses and found no significant impact on cocaine or heroin intake. These results are not surprising, given that the infusion rate in the present study varied between 2.8 and 11.2 sec, which is similar to the rates that did not effect intake in the aforementioned studies (Crombag et al. 2008; Liu et al. 2005; Schindler et al. 2009; Wakabayashi et al. 2010) .
The generalizability of the present findings in HIV-1 Tg rats to humans is complicated by several factors. First, the HIV-1 Tg rat model expresses an engineered, partial HIV-1 transgene incorporated into the genome that is expressed in cells of all tissues, including brain (Peng et al. 2010; Sultana et al. 2010) , and is not recognized as immunologically foreign. A recent study demonstrated increased systemic and central nervous system inflammatory responses, along with the presence of HIV proteins in the brains of HIV-1 Tg rats (Royal et al. 2012) . Secondly, whereas the model exhibits several characteristics that mimic those observed in HIV infected in humans (Peng et al. 2010; Reid et al. 2001; Royal et al. 2007; Sultana et al. 2010) , other pathologies, such as congenital cataracts, observed in this model are not generally indicative of, or associated with, the disease in humans. The presence of these pathologies in HIV-1 Tg but not F344 rats may contribute to differences between in the strains observed in the present study. For example, congenital cataracts present in the HIV-1 Tg rats may could reduce the ability to visually discriminate the stimulus light and lever leading to a longer period of time to reach stable self-administration. Secondly, the HIV-1 Tg rat model can not address the impact or effects of drug use that occur prior to HIV infection, for example druginduced neuroadaptations, occurring in the brain prior to HIV infection. In addition, several factors may contribute to apparent differences between the results of the present study and the results of PET imaging studies in humans. One potential difference is the influence of [DA] e on measures of binding availability. In vivo, extracellular dopamine competes with the ligand limiting the availability of DAT binding sites (Gatley et al. 1995; Gatley et al. 1997) leading to an apparent decrease in the number of DAT binding sites. For saturation binding analysis, the influence of endogenous extracellular dopamine is minimized by thorough washing of the membrane preparations prior to incubation with the ligand. Secondly, PET imaging studies use binding potential (B max / K d ) as the dependent measure of DAT binding in the striatum whereas in the present study B max and K d were obtained, enabling separate measures of DAT abundance and affinity, respectively, at the two binding sites on the transporter. Finally, the PET studies used the radioligand [ 11 C]cocaine, a relatively non-specific monoamine transporter ligand. In the present study, dopamine transporter binding was determined using the relatively selective DAT ligand [ 125 I]RTI-55 and the potential influence of serotonin transporter binding was negated by the addition of fluoxetine to the binding assays. The paucity of available information regarding the biochemical effects of HIV/cocaine abuse comorbidity highlights the need for additional investigation, especially in light of the growing percentage of the HIV population who abuse drugs and the deleterious effects on disease progression and severity in this population.
